Human viruses are present in water contaminated by sewage. Large numbers of viruses are excreted in human feces and urine, and even at low concentrations they can cause illness when ingested. These diseases include paralysis, meningitis, respiratory disease, epidemic vomiting and diarrhea, myocarditis, congenital heart anomalies, infectious hepatitis, and eye infections. Epidemiological studies are difficult, since those infected by the virus may act as carriers but show no symptoms. The disease may become apparent only after another person has become infected, which may occur at a distance from the original source (27) .
Shortcomings in microbiological quality standards have been revealed on several occasions, when viruses were isolated from drinking water supplies, freshwater, seawater, or shellfish that met the current standards of bacterial indices (14) . Furthermore, there does not appear to be a correlation between the numbers of viruses present in the water and the number of fecal coliforms, which is the parameter most frequently used to establish the quality of water.
The only viral parameter that is included in European regulations governing the quality of water resources is the presence of enteroviruses, since many of them are vaccine-related polioviruses and can be isolated and quantified as PFU in cell culture (13) .
The development of nucleic acid-based methods has facilitated the detection of viruses that replicate poorly or not at all in cell cultures. Amplification of viral nucleic acid by PCR is the current method of choice. PCR or reverse transcriptase PCR (RT-PCR) (to detect RNA viral genomes) is sensitive, specific, and rapid (16) .
We used PCR to study the distribution of human viruses, enteroviruses, adenoviruses, and hepatitis A viruses (HAVs), in seawater, river water, sewage, and shellfish. We compared the results with the other classical parameters, the number of enterovirus PFU in cell cultures and the number of fecal coliforms, and also correlated the human viruses detected by PCR with bacteriophages of Bacteroides fragilis HSP40. The last parameter has been suggested as an indicator of viral pollution in sewage. Our data strongly suggest that the human adenovirus PCR test described here could be a molecular index for the presence of human viruses in the environment in those situations in which the verification of the infectiousness of the viruses is not necessary.
MATERIALS AND METHODS
Viruses and cells. Adenovirus types 2 (prototype) and 12 (prototype-like) were grown on A549 cells, and poliovirus type 1 (strain LSc 2ab) was propagated in Buffalo green monkey kidney (BGM) cells growing in Eagle minimal essential medium (MEM) (Auto-pow; ICN Biomedicals Inc.) containing 5% fetal bovine serum. HAV strain HM175 was propagated in FRhK-4 cells growing in MEM supplemented with 15% fetal bovine serum. The viruses were partially purified, stored frozen at Ϫ80°C, and used in this study as positive controls.
Enterovirus and bacteriophage plaque assays. Infectious enteroviruses from samples were grown and assayed as PFU in monolayers of BGM cells, the standard cell line used to assay environmental samples for enteroviruses (4) . Briefly, cells were grown to confluent monolayers in 90-by 15-mm tissue culture dishes. Before cells were exposed to the sample, the growing medium was poured off and 1 ml of sample that had been previously decontaminated with 30% chloroform (this process was repeated if the sample presented toxicity for the cells) was inoculated onto each plastic dish. The cells were overlaid with MEM without fetal bovine serum, and 0.7% agar. After 5 days of incubation at 37°C in 5% CO 2 in air, the cells were fixed with formaldehyde and stained with crystal violet, and plaques were counted.
B. fragilis HSP40, grown on Bacteroides phage recovery medium (26) , was used in the quantification of B. fragilis phages. The phages were quantified by the double-agar-layer (PFU) method. Water samples were decontaminated by filtration through polyvinylidene difluoride membranes (pore size, 0.22 m; Millipore) before quantification of phages infecting B. fragilis (26) .
Bacteriological analysis. Fecal coliforms were enumerated by standard methods (3).
Samples. Fifteen raw domestic sewage samples were collected from the sewerage network of Barcelona, Spain, and three samples were taken after settling in a sewage purification plant (100% positive for fecal coliforms, with a mean concentration of 1.7 ϫ 10 6 CFU/100 ml). Each sample was collected in a sterile 500-ml polyethylene container, kept at 4°C for less than 8 h until the viral particles were quantified by PFU or concentrated in phosphate-buffered saline (PBS), and stored frozen at Ϫ80°C.
To identify the human or nonhuman origin of the detected viruses, 17 slaughterhouse sewage samples (containing urine, feces, and intestinal contents of animals, all diluted in water) taken from different sampling points near Barcelona (mean concentration of fecal coliforms, 10 8 CFU/100 ml) were analyzed. Twelve samples of farm animal feces (from cows, hens, chickens, ducks, pigs, or sheep) were also analyzed after being suspended (20 g of sample) in 10% (wt/vol) phage buffer (20 mM Na 2 HPO 4 , 22 mM KH 2 PO 4 , 85 mM NaCl, 1 mM MgSO 4 , 0.1 mM CaCl). Each sample was collected from a different location and each was a mixture of the samples taken in a section of the farm with 5 to 8 feces samples mixed for cows, 10 to 12 for pigs or sheep, and more than 20 for hens, chickens, and ducks. All the samples were kept at 4°C for less than 8 h until their treatment and frozen storage.
Twenty 50-liter river water samples were collected from the Llobregat River at two locations and concentrated by the positively charged filters (Zeta-plus; CUNO) according to the method described by Sobsey and Jones (22) (volumes analyzed were equivalent to 2 liters of river water for human adenovirus detection and 1 liter of river water for enterovirus and HAV detection).
Twenty-three seawater samples were taken at different sites along the Barcelona coastline. Fourteen 50-liter samples were concentrated in the same way as the river water samples, and nine 500-ml samples were concentrated by a modification of the membrane-filtration swirling-elution method described by Sinton et al. (5a, 21) . The previously described procedure was adapted to seawater analysis, and the treatment used with other environmental samples was also applied. Briefly, 500 ml of seawater was filtered through a nitrate and acetate cellulose membrane (0.22-m pore size; Millipore) without any previous treatment of the sample, and the viruses were retained by electrostatic forces. Viruses were eluted by adding 2 ml of glycine buffer (0.25 N, pH 9.5), and the eluate was concentrated by the method described below. The equivalent volume of seawater analyzed by PCR was 50 ml for human adenovirus detection and 25 ml for the analysis of enterovirus and HAV. Viral concentrates of seawater were also artificially contaminated with poliovirus and analyzed for the presence of inhibitors of the RT-PCR amplification.
Six mussel samples (Mytillus galloprovincialis) and one clam sample (Mercenaria mercenaria) were obtained from shellfish growing in areas with different levels of fecal pollution. Each mussel or clam sample was a mixture of approximately 1,000 g of mussel or clam and was kept at 4°C for less than 8 h and cleaned, and 100 g of the homogenized material, corresponding to 10 to 15 mussels or 30 to 40 clams, was treated for the analysis of the different parameters. Mussels artificially seeded with poliovirus were analyzed for the presence of inhibitors of the RT-PCR amplification. The commercial mussel samples used as a negative control were obtained from the market and showed negative results in our laboratory for the studied viruses. Commercial mussels are those that theoretically comply with the bacterial standards of the European Union regulation either with or without a previous depuration treatment.
Recovery of viral particles and nucleic acid extraction. The methods used for the recovery of viral particles and the nucleic acid extraction (Fig. 1) were chosen on the basis of previous studies (8, 20) . Briefly, 40 ml of sample was ultracentrifuged (229,600 ϫ g for 1 h at 4°C) to pellet all the viral particles together with any suspended material. The sediment was eluted by mixing it with 5 ml of 0.25 N glycine buffer (pH 9.5) on ice for 30 min, and the suspended solids were separated by centrifugation (12,000 ϫ g for 15 min) after the addition of 5 ml of 2ϫ PBS. The viruses were then pelleted by ultracentrifugation (229,600 ϫ g for 1 h at 4°C), resuspended in 0.1 ml of 1ϫ PBS, and stored at Ϫ80°C (Fig. 1) . Consistent with previous studies, the yield was 70%.
The method used for the recovery of viral particles from shellfish samples was a modification of the protocol for environmental water samples described above. 
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Briefly, the outer surface was cleaned with water and ethanol (96%), shucked, and drained of excess fluid. One hundred grams of shellfish tissue was homogenized in a blender and eluted with 200 ml of glycine buffer (0.25 N, pH 10). After orbital shaking for 15 min, the solids were pelleted by centrifugation at 2,500 ϫ g for 15 min, and the supernatant was adjusted to pH 7. The viruses were pelleted by ultracentrifugation of 8 ml of supernatant at 229,600 ϫ g for 1 h at 4°C, resuspended in 200 l of 1ϫ PBS, and stored at Ϫ80°C. Nucleic acid was extracted by the method described by Boom et al. (5), using guanidinium thiocyanate and adsorption of the nucleic acids to silica particles. This method showed the best recovery yield compared to extraction methods tested in previous studies (7, 8, 20) .
Oligonucleotide primers. The sequences (Table 1) , specificities, and sensitivities of the primers used were described in previous studies (1, 2, 7, 8, 20) . The specificities of the enterovirus primers was previously evaluated against 24 enterovirus strains, and the primers were shown to be able to recognize all of them. The adenovirus hexon primers used in the two-step amplification were able to detect the 47 human adenovirus serotypes. The sensitivity was checked by a limiting dilution experiment described by Puig et al. (20) and was found to be in the range of 1 to 10 viral particles after nested PCR amplification.
Enzymatic amplification. The reaction mixture for reverse transcription contained 5 l of the nucleic acids extracted (25 l of RNA solution for analysis of enterovirus or HAV in shellfish) plus 1.5 mM MgCl 2 , 1ϫ PCR buffer II (PerkinElmer Roche, Inc.) containing 10 mM Tris-HCl (pH 8.3 at 25°C), 50 mM KCl, 200 M concentrations of each deoxynucleotide triphosphate and the corresponding external primer for enterovirus or HAV (0.35 M Ent 2 or HAV2, respectively) in a total volume of 10 l (50 l for shellfish). The reaction mixture was incubated at 95°C for 5 min before the addition of 50 U (250 U for shellfish) of Moloney murine leukemia virus reverse transcriptase (Perkin-Elmer Roche, Inc.) and 10 U (50 U for shellfish) of RNase inhibitor (Perkin-Elmer Roche, Inc.). Temperature was cycled as follows: 30 min at 42°C and 5 min at 95°C.
For a typical one-step reaction, 10 l of extracted viral DNA was used for adenovirus (corresponding to 4 ml of sewage sample, 2 liters of river or seawater, or 50 ml of seawater when viruses were concentrated by the filtration-swirling method), and 10 l of the cDNA solution (corresponding to 2 ml of sewage sample, 1 liter of river or seawater, or 25 ml of seawater when viruses were concentrated by the filtration-swirling method) was used for enterovirus and HAV detection. For shellfish analysis, we used 25 l of the DNA extracted for adenovirus or 50 l of cDNA for the detection of enterovirus and HAV, having tested the equivalent of 3.6 g of tissue for each virus. Amplification was carried out in a 50-l reaction mixture (100 l of reaction mixture for shellfish) containing 10 mM Tris-HCl (pH 8.3 at 25°C), 50 mM KCl, 1.5 mM MgCl 2 , 200 M each deoxynucleotide triphosphate, 0.08 M each adenovirus primer or 0.15 M the enterovirus or HAV primer, and 2 U of Ampli Taq DNA polymerase (Perkin-Elmer Cetus). Thermal cycling of the amplification mixture was performed in a programmable heat block (Gene Amp PCR System 2400; PerkinElmer). In all PCR assays, the first cycle of denaturation was carried out for 4 min at 94°C. The conditions for the amplification were denaturing at 92°C for 90 s, annealing at 55°C for 90 s, and extension at 72°C for 120 s.
The external primers were used in the first 30 cycles of amplification. Then, 1 l was added to a new batch of 50 l of PCR mixture containing 0.16 M each nested primer (nEnt1/nEnt2 for enterovirus, nHAV1/nHAV2 for HAV, and nehexAA1893/nehexAA1905 for adenovirus detection) in a new 30-cycle amplification. The results were analyzed by gel electrophoresis on a 2% NuSieve GTG plus 1% Seakem ME agarose gel (FMC Bioproducts, Rockland, Maine) that was stained with ethidium bromide.
Quality control of the amplification method. To reduce the probability of sample contamination by amplified DNA molecules, standard precautions were applied in all the manipulations. Separate areas were used for reagents, treatment of samples, and manipulation of amplified samples. All the samples were analyzed twice in independent experiments, and a negative control was added every two samples (a negative control is an amplification reaction mixture with the same reagents as those in the test tubes of the samples but without the inoculum of viral nucleic acids). Treatment with restriction enzyme AluI for the amplified enteroviral cDNA and uracil-DNA-glycosylase treatments for the adenoviral tests were performed in a previous study (20) , but they were not considered necessary for the routine analysis in this study. Undiluted samples and 1/10 dilutions of the nucleic acid extracts were analyzed on highly polluted samples in order to avoid false negatives because of inhibition of the reactions. This could occur in a minority of the samples, according to the positive results observed in samples supplemented with viruses.
Sequencing of the nested HAV products. To evaluate the variability of the detected HAV strains and also as an extra control for testing the specificity of the applied technique and for testing for the absence of cross-contamination, nested HAV amplicons from half of the positive samples were sequenced. We expected to detect sequence variability compared to the HAV strain used as control. Briefly, nested product was purified by electroelution, followed by phenol-chloroform-isoamyl alcohol ( 
RESULTS
Domestic sewage water samples. In this study, we analyzed 15 raw domestic sewage samples collected monthly in 1994 and 1995. Three effluent samples collected after settling had occurred in a primary treatment of the sewage were also analyzed ( Table 2 ). The results obtained by nested PCR amplification showed that the human viruses most often detected were adenoviruses which were present in 14 (93%) of the raw sewage samples and in 2 of the 3 effluent samples. Enteroviruses were present in six (40%) of the influent sewage samples as indicated by nested PCR; in one of these, PFUs were detected in 20 ml of sample. The results of infectious enterovirus were probably underestimated because of the high toxicity levels of the samples. Many of the samples were toxic for the cells. None of the effluent samples was positive for enterovirus either by nested PCR or by cell culture. In terms of the other human viruses, four raw sewage samples were positive for HAV (27%), three were also positive for enterovirus and adenovirus (Fig. 2) , and one was positive for adenovirus. None of the effluent samples was positive for HAV. Adenovirus type 2 was added to the unique sewage sample that showed negative results for human adenovirus by PCR, and amplified adenoviral DNA was observed. The results showed the expected sensitivity of the test (10 to 100 viral particles) to be as in a previous study (20) , proving the absence of PCR inhibitors and therefore the absence of a false-negative result.
The results from the three samples taken at the entry and the effluent of the sewage treatment plant showed that, as expected (10), treatment does not completely remove the viruses; human adenoviruses and bacteriophages of B. fragilis HSP40 were detected in the effluent. These samples were collected in February, April, and September the year after the other sewage samples were collected.
Slaughterhouse sewage and farm animal feces samples. The results of the seventeen slaughterhouse sewage samples analyzed are shown in Table 3 . Three of the samples (numbers 9, 10, and 11) that were not expected to contain human contamination were positive for enterovirus, probably of animal origin, and none of them was positive for adenoviruses or HAV. Samples 1, 4, 5, and 6, which included some human fecal contamination (sewage from toilets is mixed with the sewage of animal origin), showed positive results for human adenoviruses, and three of them were also positive for enterovirus. None of the samples was positive for HAV.
None of the 12 fecal samples from cows, hens, chickens, ducks, pigs, or sheep was positive for any of the viruses analyzed by nested PCR, but they were taken from a small group of animals. To control the presence of inhibitors of the PCR that could be found in fecal samples from the animals, we added low levels (about 10 4 viral particles) of adenovirus type 2 and poliovirus type 1 to 1 aliquot of two samples of feces from pigs and one sample of feces from hens. Poliovirus type 1 was also added to one sample of chicken feces, two samples from cows, and one sample of sheep feces. The samples always showed positive results in the undiluted sample or in some cases only after dilution to 1:10.
Correlation between the presence of human viruses and bacteriophages of B. fragilis HSP40. We compared the numbers of phages infecting B. fragilis HSP40 with the numbers of human viruses, as detected by PCR, by applying Kendall's nonparametric test. There was a significant positive correlation (r ϭ 0.439, P ϭ 0.025) between the log B. fragilis phages and the results for human viruses by PCR in sewage samples. The detection of human viruses was compared with the values of bacteriophages by a quantification in a semiquantitative way. Samples were scored 0 if they were negative for viruses by PCR, 1 if they were positive for one viral parameter (adenovirus), and 2 if they were positive for adenoviruses plus enteroviruses or HAV. River water samples. We analyzed 23 river water samples from two sites with different levels of fecal pollution according to official data of the contamination level of the river from the Community Surveillance Program (three samples taken from site 2 in 1996 were less polluted). As in the sewage samples, the human virus most often detected was adenovirus, present in 15 of the 23 samples (65%) ( Table 4) . Enterovirus was detected in five samples (22%), one of which was also positive by cell culture (2 PFU in 20 ml of the viral concentrate), and we detected HAV in 10 samples (43%). More samples were found to be positive in 1996 than in 1995. All the samples positive for enterovirus or HAV were also positive for human adenoviruses.
Although fecal coliform concentrations of Ͻ10 CFU/100 ml were found in the three samples taken from site 2, adenovirus and HAV were detected in one of them when nested PCR amplification was applied.
Seawater samples. None of the 14 seawater samples concentrated by positively charged filters showed positive results for any of the human viruses tested for by nested PCR or cell culture, although enteroviruses were detected by nested PCR when they were added to the concentrated sample. These samples were taken during the summer months from different points along the Catalan coast with low levels of fecal pollution (fecal coliform levels between 1 ϫ 10 1 and 3.4 ϫ 10 3 CFU/100 ml).
The data for the samples concentrated by the modified membrane-filtration swirling-elution method are shown in Table 5. We detected adenovirus in seven of nine samples analyzed, of which two were also positive for enterovirus and HAV, two were positive for enterovirus, and one was positive for HAV.
Shellfish samples. Samples were taken from three sites with different levels of fecal pollution. Sites 2 and 3 were more polluted according to the information supplied by the National Center of Aquaculture of Catalonia, which had carried out a survey of the microbiological quality of the area. None of the samples from site 1 was positive for any human virus after nested PCR amplification of 3.6 g of tissue extract. Samples from sites 2 and 3 were positive for adenovirus and enterovirus by PCR (Table 6 ). All the samples were toxic for BGM cells.
Three mussel sample extracts were artificially contaminated with polioviruses that were successfully detected, demonstrating the absence of RT-PCR inhibitors in these samples.
Seasonal distribution. The results obtained by nested PCR analysis showed that enteric viruses were found in sewage and river water samples year-round. Adenoviruses and HAV were detected throughout the year, whereas no sewage or river water sample was positive for enteroviruses in the cooler months 
a Results obtained by nested PCR analysis of 2 ml of concentrate (corresponding to 2 liters of river water) for the detection of adenovirus, and 1 ml of concentrate (corresponding to 1 liter of river water) for the detection of enterovirus or HAV. HAd, human adenovirus; EV, enterovirus.
b Enterovirus PFU obtained from 20 ml of concentrate (equivalent to 20 liters of river water) on BGM cells.
c Results expressed as CFU/100 ml. d NT, not tested. a Results obtained by nested PCR analysis of 50 ml of seawater for the analysis of adenovirus and 25 ml of sample for the analysis of enterovirus or HAV by the modified concentration method described by Sinton et al. (21) . HAd, human adenovirus; EV, enterovirus.
b Results expressed as CFU/100 ml. from November to February during the period studied (1995 and 1996) . Analysis of the sequences of the HAVs detected. The nested amplicons of 8 of 17 positive samples for the HAV (about 50%), were sequenced. The most frequent isolates (present in 7 of 8 samples) were closely related to HAV strain HM175, showing 2 nucleotide differences in the 250 nucleotides analyzed (A-569 and A-610 in environmental strain instead of G-569 and G-610 in the positive control HAV HM175). One seawater sample showed seven nucleotide differences with the control strain; the HAV MBB strain was the most closely related, with only four nucleotide differences.
DISCUSSION
The molecular detection by PCR of adenoviruses, HAVs, and enteroviruses, when correctly applied, provides reliable data about the presence of these viruses in the environment, thus overcoming the technical limitations of the isolation of these viruses in cell culture.
In a previous study of viral prevalence in raw sewage or urban river water, Irving and Smith detected a high level of reoviruses, followed by enteroviruses and adenoviruses, when the viruses were isolated by cell culture (10) . However, it is difficult to isolate many adenovirus strains in cell culture, and the slow-growing viruses are always underestimated when fastgrowing enteroviruses are present (10, 24) .
On the basis of our data, the number of enteroviruses isolated or detected by PFU in the environment has decreased in the last years, possibly because in Spain, as in many other countries, the oral poliovirus vaccine is administered to children at the ages of 2, 4, and 15 months, with an additional dose at the age of 6 years. The administration of the vaccine at these ages limits the distribution of the viruses in the environment in developed countries, because most of the viruses are expected to remain in disposable diapers, which are treated as solid waste. The polioviruses of the last dose of the attenuated vaccine do not normally multiply in the intestine. The number of adenovirus-positive samples is higher in this study than in previous data, mainly because the method (PCR) is more sensitive than cell culture, as we have shown in previous studies (8, 20) .
Several reasons support the hypothesis that adenovirus detection by PCR is a better index for human viral contamination than detection of the presence of enteroviruses. One of the reasons is the high number of samples that are positive for human viruses but negative for enteroviruses. Human adenoviruses were detected by PCR in 14 of 15 sewage samples, whereas only 1 of 15 was positive for enterovirus by PFU and 6 of 15 were positive by PCR. Bacteriophages infecting B. fragilis HSP40 that are considered of human origin (25) were detected in all 15 sewage samples. The numbers of samples that were positive for viruses of human origin but negative for enteroviruses were even higher in other environments. A second and related reason is that adenoviruses and HAVs are more stable in various environments (including wastewater, seawater, and tapwater) than enterovirus, and they are more resistant to UV irradiation and other treatments in water purification plants (6, 10, 15, 23) .
The sewage samples analyzed in the urban area of Barcelona contain high concentrations of fecal material and do not need complicated concentration procedures for the detection of the viral parameters. For this reason, we compared the numbers of bacteriophages of B. fragilis HSP40 in these samples with the numbers of viruses detected by PCR, and the significant correlation found with the levels of bacteriophages of B. fragilis HSP40 is interesting and indicates the need for further studies with a higher number of samples. The correlation between the positive results for human viruses and the values for bacteriophages of B. fragilis HSP40 in the sewage samples, both of human origin, could be evaluated in future studies since these two parameters are complementary in terms of the control of the virological quality of the environment and shellfish. Such studies would use PCR for the detection of viral nucleic acids and viral pathogens and would use bacteriophages as model microorganisms to test infectious viruses of human origin.
The study of the river water samples confirms the lack of correlation between fecal coliforms and human viruses (as determined by PCR or PFU), and samples that show a fecal coliform value of Ͻ10 CFU/100 ml have been found in this study to be positive for HAV and adenovirus.
In the first part of the study of seawater, 14 samples were concentrated by positively charged filters, as described by Sobsey and Jones (22) and as applied in previous studies (17, 19) . In the second part, nine samples were concentrated by a procedure that is highly efficient for bacteriophage recovery (5a), which allows the identification of adenovirus-and enteroviruspositive seawater samples from polluted areas. The PCR method we developed was also able to identify the presence of viruses in shellfish.
The results of the tests on samples of nonhuman origin suggest that some nonhuman enteroviruses can be detected by the PCR procedure, but the adenoviruses and the HAVs detected are mostly of human origin.
The detection of the RNA viruses in the environment by PCR may be due to the fact that these viruses were recently infectious. According to Limsawat and Ohgaki, liberated RNA in wastewater could disappear in few minutes (12) , and at medium-and low-level temperatures (37°C and lower), an endoribonuclease activity with different velocities which is associated with animal RNA viruses could be responsible for the inactivation of the RNA of single-stranded viruses without affecting the capsids (11, 18) .
The detection of viruses in the environment by PCR, however, has important limitations: we do not know whether the detected viruses are infectious, the laboratory rules for personnel and materials must be very strict, and stringent quality controls must be applied in order to avoid false-negative or false-positive results. On the other hand, it is also clear that this approach is likely to provide a method with higher levels of specificity, sensitivity, and speed compared with the isolation of viruses in cell culture.
Although more studies need to be done, we can conclude that human adenovirus detection by PCR, because of the prevalence and stability of human adenoviruses and their mostly human origins, has very attractive features that indicate its usefulness as a molecular index of the presence of human viruses in the environment and shellfish. It is thus more indicative than enteroviruses of the presence of pathogenic human viruses such as HAV.
